proteinaceous channels embedded in nuclear envelope pores which mediate essential nucleocytoplasmic exchange of proteins and RNA [1] . Fifteen years ago, the discovery that Saccharomyces cerevisiae NPCs move in the nuclear envelope led to early speculations that such motility might facilitate regulation of transcription by signaling [2, 3] . A new study by Steinberg et al. [4] sheds light on a role for cytoskeletal motors in the ATP-dependent movement of fungal NPCs. They also present intriguing connections between NPC motility, nuclear import and export efficiency, and nuclear chromatin organization. Moreover, a tremendous complexity of mechanisms is highlighted by the differences they find for factors controlling NPC motility amongst fungal species ( Figure 1 ). The nuclear lamin network is considered a distinguishing element between fungal and metazoan nuclear envelopes. NPCs are not mobile in interphase metazoan nuclei with an intact lamina [5] , whereas the loss of nuclear lamins perturbs nuclear organization and NPC distribution [6] (NPCs are clustered in discrete regions instead of being over the entire nuclear surface) ( Figure 1C ). In contrast, fungal cells lack a lamin orthologue and have mobile NPCs ( Figure 1A ,B) [1] [2] [3] . Based on this evidence, others speculated that NPC motility in S. cerevisiae is due to the lack of a lamina network locking NPCs in place [2, 3] . However, whether NPC movement is an active process was unresolved and the mechanism of movement was unclear.
In their report, Steinberg et al. [4] examined the movement of individual NPCs harboring fluorescently tagged NPC proteins (Nups) by live cell microscopy in three different fungal models: Ustilago maydis, Aspergillus nidulans, and S. cerevisiae [4] . The percentage of NPCs with directed motility and the velocity of motile NPCs are similar in all three species. Strikingly, NPC motility is dependent upon ATP (based on reversible inhibition by cyanide m-chlorophenylhydrazone (CCCP) treatment) and distinct cytoskeletal elements. Of note, the different fungal models have contrasting requirements for microtubules and actin filaments. In U. maydis and A. nidulans, NPC motility requires the microtubule network (with the microtubule-destroying drug benomyl eliminating movement) ( Figure 1B) . Furthermore, in U. maydis, NPCs move along paths that follow microtubule tracks, suggesting that microtubule motors might provide force for NPC motility. In S. cerevisiae, NPC movement and distribution is not altered by the depletion of microtubules with benomyl; however, depletion of actin filaments with the drug latrunculin A inhibits NPC motility ( Figure 1A ). No effect of latrunculin A is observed in U. maydis or A. nidulans. Overall, although different, some type of cytoskeletal connection and molecular motor is involved in fungal NPC movement through the nuclear envelope ( Figure 1A,B) NPCs in U. maydes and A. nidulans is unknown, and likewise for actin in S. cerevisiae. It is also very exciting that Steinberg et al. find that perturbations in fungal NPC motility coincidentally result in the appearance of NPC clusters ( Figure 1A,B) . This is true with inhibitor treatments (CCCP, benomyl, or latrunculin A in the respective model) and in mutant cells with defective cytoskeletal elements. This helps resolve a long-standing question of why NPCs cluster in S. cerevisiae nup and nuclear envelope mutants [3, [7] [8] [9] [10] [11] . Others predicted that NPC clusters result from a loss of motility or factors that prevent aggregation [2, 3] , and/or that aberrant NPC-cytoskeletal attachments might play a role [11] . If motility prevents NPC clustering as indicated by Steinberg et al. [4] , altered NPC-cytoskeletal connections could be the underlying basis for NPC clustering phenotypes.
Does NPC motility play a direct role in nucleocytoplasmic communication or nuclear function? Steinberg et al. find intriguing correlations between chromosomal organization and NPC dynamics [4] . In U. maydis, chromosomal movements frequently coincide with NPC movement, and chromosomal reorganization is also ATP-dependent. In addition, loss of microtubule integrity induces chromosomal clustering around the NPC clusters ( Figure 1B ). To separate effects on nuclear protein import and export from NPC clustering, they exploit the differential timing of impacts on microtubules versus clustering. In U. maydis, transport defects are dependent on NPC cluster formation. They hypothesize that decreased transport efficiency results from the inaccessibility of NPCs in clusters to chromatin-free channels in the nucleus. Indeed, many of the reported S. cerevisiae NPC clustering mutants accumulate nuclear mRNA [3, [7] [8] [9] [10] [11] . Of note, Steinberg et al. did not test for mRNA export defects in cells with NPC clustering induced by cytoskeleton perturbations. Others find that nuclear transport and NPC clustering phenotypes are uncoupled in some nup159 and nup133 mutants [3, 7, 10] . Thus, this will be an important question to further investigate.
Although a role for the cytoskeleton in NPC motility is novel, it is well established that both fungi and metazoans utilize microtubules and their motors for cellular nuclear positioning [12, 13] . There are some hints that the NPC motility and nuclear movement mechanisms share an origin. Although S. cerevisiae NPC motility is actin-dependent, its NPCs and microtubule motors have functional connections to nuclear migration (Figure 1 ). Most recently, S. cerevisiae studies showed that the dynein light chain is recruited to ubiquitylated Nup159 at NPCs and this plays a role in nuclear migration [14] . Even though some nup159 mutants result in NPC clustering [10] , specifically disrupting dynein light chain binding does not result in NPC clustering [14] . Interestingly, in metazoan cells, centrosome/nuclear proximity is maintained by microtubule tethering of NPCs through Nup133 [15] . Further work will be needed to address connections between nuclear positioning and NPC motility.
The physiological importance of NPC motility was speculated on many years ago wherein some suggested that NPC redistribution might aid in gene expression responses to environmental stimuli [2] . The Steinberg et al. study now extends this hypothesis. It is known that changes in cellular environments reorganize the cytoskeleton (such as disassembly of the actin cytoskeleton in high osmolarity [16] ). Altering the cytoskeleton could in turn impact NPC motility and localization. For metazoans, regulating the nuclear lamina will likely also be required to change NPC distribution. Such changes to NPC motility and organization might then impact transcriptionally active genes. In fungi and metazoans, gene loci interactions with Nups are well documented [17, 18] . Indeed, Steinberg et al. report that loss of NPC motility alters chromosomal organization [4] ; yet, future studies will be needed to test if gene transcription is changed when NPC motility is blocked. If so, the field should also carefully reconsider the use of NPC clustering mutants to test gene loci interactions with NPCs. Taken together, with molecular motors driving motility, the NPCs are uniquely positioned as key players in shifting gears between cytoplasmic and nuclear events.
